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Abstract 
Several light pollution indicators are commonly used to monitor the effects of the transition 
from outdoor lighting systems based on traditional gas-discharge lamps to solid-state light 
sources. In this work we analyze a subset of these indicators, including the artificial zenithal 
night sky brightness in the visual photopic and scotopic bands, the brightness in the specific 
photometric band of the widely used Sky Quality Meter (SQM), and the top-of-atmosphere 
radiance detected by the VIIRS-DNB radiometer onboard the satellite Suomi-NPP. Using a 
single-scattering approximation in a layered atmosphere we quantitatively show that, 
depending on the transition scenarios, these indicators may show different, even opposite 
behaviors. This is mainly due to the combined effects of the changes in the sources' spectra 
and angular radiation patterns, the wavelength-dependent atmospheric propagation 
processes and the differences in the detector spectral sensitivity bands. It is suggested that 
the possible presence of this differential behavior should be taken into account when 
evaluating light pollution indicator datasets for assessing the outcomes of public policy 
decisions regarding the upgrading of outdoor lighting systems. 
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1. Introduction 
 
The accelerated pace of substitution of traditional outdoor gas-discharge lamps by solid-
state lighting technology sources (SSL) raises some relevant questions regarding its expected 
consequences on the light pollution levels recorded in the neighborhood of the intervention 
areas, as well as in places located far away  from them. Several key radiometric variables are 
substantially modified when traditional lamps are replaced by LEDs, including the spectral 
composition of the light, the spatial and angular distribution of the spectral radiance emitted 
by the luminaires, and, possibly, the average illumination levels. It could well be expected 
that these changes will not be neutral regarding the evolution of different indicators 
associated with light pollution, among them the anthropogenic night sky brightness.  
 Due to the negative consequences of light pollution for the preservation of ecosystems 
[1-9], ground-based astrophysics [10-13], humankind's intangible heritage [14-15], and 
potentially, public health [16-20], there is nowadays an intense research effort to accurately 
monitor the light pollution trends worldwide. Two main and complementary approaches are 
commonly used: (a) tracking the changes of the emitted artificial radiance by means of 
ground-based measurements [21-23], airborne surveys [24-25], or remote sensing from 
Earth orbiting platforms [26-31], and (b) monitoring the evolution of the night sky brightness 
using specific detectors [32-39], CCD and general purpose DSLR cameras [40-43], and even 
by means of comprehensive citizen science observations [44]. Different trends have been 
reported, sometimes apparently at odds with each other, including a sustained increase of 
the radiance and overall lit surface around the world, at an estimated 2% yearly rate [45], 
and a tendency to darker readings in the long-term series recorded by ground-based night 
sky brightness detectors [46-47], whose progressive aging has not been discarded as a 
potential cause.  
 It shall be kept in mind that these measurements are made in different spectral bands, 
and after the light has undergone different wavelength-selective propagation processes. It 
can be expected that the detected evolution trends may depend on the specific observation 
channels, so the possibility of observing seemingly diverging results regarding the sign of 
these trends shall not be discarded. A convincing case has been made in a recent paper by 
Sánchez de Miguel et al. [48], who have shown that, under appropriate circumstances, the 
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scotopic and photopic luminances associated with the close-range direct-viewing of lamps in 
the transition from high-pressure sodium lamps (HPS) to high correlated color temperature 
(CCT) LEDs may show an opposite behavior. 
 In this paper we further generalize Sánchez de Miguel et al. results [48] to the more 
frequent case of measurements made after the light emitted by the luminaires has 
interacted with the surrounding surfaces (pavements and façades) and has propagated 
throughout the atmosphere, undergoing absorption and scattering in the molecular and 
aerosol atmospheric constituents, before being detected by the observer. Our goal is to 
model the expected evolution of the night sky brightness, measured in different photometric 
channels and at different distances from the sources, along the transition process of 
substitution of traditional gas-discharge lamps by LEDs. To that end we consider several 
photometric detection bands of practical interest, including the photopic [49] and scotopic 
[50] spectral eye sensitivities, the specific photometric band of the Sky Quality Meter 
(Unihedron, Calgary, Canada) [51-52] used in several night sky brightness measurement 
networks across the world, and from which extensive dataset records exist [32-39], and the 
Day-Night Band of the Visible and Infrared Imaging Radiometer Suite (VIIRS-DNB) onboard 
the Suomi-NPP satellite [53-54]. Our approach is intentionally kept simple, considering only 
direct radiance propagation, averaged ground reflections and single-scattering processes, 
but it is expected to be reasonably comprehensive as to be useful for describing the principal 
traits of the expected light pollution evolution trends.  
 Three main scenarios for the transition process from High Pressure Sodium (HPS) to 
Light Emitting Diode (LED) outdoor lighting are analyzed in this paper: (a) 'Business as usual', 
in which the direct emissions to the upper hemisphere, the utilance of the installations and 
the average lighting levels are kept the same before and after the remodeling, (b) the 'zero 
direct upward flux', in which the average ground illumination levels are maintained but the 
direct upward emissions of the luminaires are set to zero, with the corresponding increase of 
the utilance, and (c) the 'lighting reduction' approach, in which the zero direct emissions to 
the upper hemisphere of option (b) are accompanied by an additional reduction of the 
average ground lighting levels, either by adopting permanent lower illuminances or by 
means of appropriate dimming curfews. 
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2. Methods 
 
2.1 Basic light propagation processes and photometric bands 
A non-negligible fraction of the light emitted by outdoor lighting systems propagates toward 
the sky, directly from the luminaires or after reflection off the surrounding surfaces. Part of 
this light may reach observers located far away from the sources, possibly after experiencing 
one or more individual scattering events. For a ground-based observer this gives rise to an 
increase of the night sky brightness in any direction of the sky, in comparison with what 
would be observed if artificial lights were completely absent. Radiometers onboard Earth 
orbiting platforms, in turn, will reveal the presence of artificial light sources both from the 
direct source radiance received through the line-of-sight, and from the radiance detected in 
nadir angles close to the source position, due to atmospheric scattering. Since all these 
phenomena are wavelength dependent, the signal recorded by each detector type is 
expected to vary in a specific way along the lamp transition period, according to the 
progressive changes in the sources' spectra, the spectral weighting produced by the physical 
processes acting on the way from the source to the detector, and the spectral sensitivity of 
the detector itself. 
 
Figure 1. Basic light propagation processes and detection channels.  
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 Figure 1 depicts the basic light propagation processes and detection bands included in 
this work. Regarding sources, we consider both their direct emissions above the horizontal 
and the upward emissions resulting from Lambertian reflections off the pavements below 
them. Atmospheric propagation under the single-scattering approximation will be used to 
compute the artificial spectral radiance in arbitrary directions of the sky at different 
distances from the light sources. From this radiance the signal detected by the human visual 
system under photopic adaptation in the neighborhood (< 0.5 km) of the sources (Figure 1, 
label A) can be easily computed, as well as the visual scotopic signal (B,C) and the SQM one 
(D,E), respectively, for the whole distance range here considered (from 0.1 km to 100 km 
away from the sources). The VIIRS-DNB signal (F) can be determined from the top-of-
atmosphere (TOA) spectral radiance and the spectral sensitivity of the VIIRS-DNB 
radiometer. Figure 2 shows the spectral sensitivity bands of these detectors [49-50,52,54]. 
 
Figure 2. Spectral sensitivity bands of the detectors included in this work: CIE photopic, 𝑉(𝜆); CIE 
scotopic, 𝑉′(𝜆); Sky Quality Meter, 𝑇𝑆𝑄𝑀(𝜆); and VIIRS-DNB, 𝑇𝐷𝑁𝐵(𝜆). 
 
 The spectral weighting functions associated with the propagation and scattering in the 
atmosphere for each observation channel (Figure 1) depend on the angular radiation pattern 
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of the sources, the particular atmospheric conditions, and the direction of observation. For 
the purposes of this work these spectral weighting functions will be calculated using a single-
scattering approximation based on the model developed by Kocifaj (2007) [55], which is 
briefly described in the Appendix and whose results are applied in subsection 2.3 below. 
 
2.2 The transition process: modeling the time course of the artificial light emissions  
In order to model the time evolution of the artificial light emissions in each transition 
scenario it is advisable to reformulate this problem in terms of several commonly used 
lighting parameters, as e.g. the average illuminance levels, the total surface intended to be 
lit, the utilance of the installations, and the upward flux fraction of the luminaires. The 
introduction and use of these lighting engineering terms does not change the physics of the 
problem, yet it makes somewhat easier to describe the time evolution of the emissions 
(overall spectral flux and spectral radiance) for each transition approach. 
 To that end, let Φ′𝑖(𝜆) be the spectral radiant flux (W·nm-1) required to produce a unit 
illumination level (1 lx) on a unit target area (1 m2), that is, a useful luminous flux of 1 lumen, 
by means of a given luminaire of type i. By "target area" we denote the area that is explicitly 
intended to be lit, in order to facilitate human activity, as opposed to the total area actually 
lit by this type of luminaire, that may be larger due to the existence of spilled light. The 
useful spectral flux required to lit a target area of 𝑀 square meters with a baseline level of 𝐸 
lx using this kind of luminaire is then 𝑀𝐸Φ′𝑖(𝜆) W·nm-1. The total spectral flux emitted in 
these conditions is 𝑀𝐸Φ′𝑖(𝜆)𝜂𝑖−1 W·nm-1, where 𝜂𝑖  is the average utilance of the 
installations that use i-type luminaires, that is, the ratio of their useful flux to their total 
emitted flux.    
 A fraction 𝑈𝑖  (the upward flux fraction) of this spectral flux will be emitted directly 
toward the sky, totaling 𝑀𝐸𝑈𝑖Φ′𝑖(𝜆)𝜂𝑖−1 W·nm-1. By "directly" we mean "not including 
ground reflections". The remaining flux, 𝑀𝐸(1 −𝑈𝑖)Φ′𝑖(𝜆)𝜂𝑖−1, will then be emitted toward 
the ground, lighting both the target area and perhaps neighboring zones where light spill 
gives rise to light intrusion. Overall, a fraction 1 −𝑈𝑖 − 𝜂𝑖   of the total emitted flux arrives to 
ground areas that in principle were not intended to be lit. 
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  Any target area at the district or city level can be conveniently lit using a combination of 
different types of luminaires, i=1,...,N, whose relative number may vary over time, due e.g. 
to the replacement of HPS lamps by LEDs. To account for this progressive change, let us 
denote by 𝛾𝑖(𝑡) the fraction of the target area lit at time t by luminaires of type i, 
characterized by their basic spectral power distribution Φ′𝑖(𝜆), utilance 𝜂𝑖, and upward flux 
fraction 𝑈𝑖. Let us allow for changes of the total target surface (e.g. area increases for new 
urban developments) by using a multiplicative factor 𝜇(𝑡) acting on 𝑀, and for changes in 
the average illuminance levels (e.g. to accommodate the installations to new lighting 
regulations, including dimming curfews) through a factor 𝜀𝑖(𝑡) acting on 𝐸. Then, the overall 
spectral flux directed below the horizontal and illuminating the ground is: 
Φ𝑔(𝜆, 𝑡) = �𝛾𝑖(𝑡)𝜇(𝑡)𝑀𝜀𝑖(𝑡)𝐸Φ′𝑖(𝜆)𝜂𝑖 (1− 𝑈𝑖),𝑁
𝑖=1
                                        (1) 
giving rise to an average ground spectral irradiance equal to:  
𝐸𝑔(𝜆, 𝑡) = Φ𝑔(𝜆, 𝑡)𝐴 = 1𝐴�𝛾𝑖(𝑡)𝜇(𝑡)𝑀𝜀𝑖(𝑡)𝐸Φ′𝑖(𝜆)𝜂𝑖 (1− 𝑈𝑖)𝑁
𝑖=1
 ,                    (2) 
where 𝐴 is the total ground area (m2) lit by the luminaires, which is generally larger than 
𝜇(𝑡)𝑀 because the utilances are generally smaller than 1 −𝑈𝑖. The definite value of 𝐴 
depends on the characteristic emitting pattern of each luminaire type and the way they are 
installed. The reflected radiance 𝐿𝑟(𝜆, 𝑡) can be calculated as the product of the incident 
𝐸𝑔(𝜆, 𝑡) by the ground bidirectional reflectance distribution function (BRDF). For Lambertian 
surfaces the BRDF does not depend on the angles of incidence and reflection, and is given by 
𝑅𝐵𝑅𝐷𝐹(𝜆) = 𝜋−1𝜌(𝜆), where 𝜌(𝜆) is the spectral ground reflectance. In that case the 
reflected radiance is constant in all directions, equal to 
𝐿𝑟(𝜆, 𝑡) = 𝜌(𝜆)𝜋𝐴 �𝛾𝑖(𝑡)𝜇(𝑡)𝑀𝜀𝑖(𝑡)𝐸Φ′𝑖(𝜆)𝜂𝑖 (1− 𝑈𝑖)𝑁
𝑖=1
,                                (3) 
and the total reflected flux is  
Φ𝑟(𝜆, 𝑡) = 𝜌(𝜆)�𝛾𝑖(𝑡)𝜇(𝑡)𝑀𝜀𝑖(𝑡)𝐸Φ′𝑖(𝜆)𝜂𝑖 (1− 𝑈𝑖)𝑁
𝑖=1
.                              (4) 
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 On the other hand, the total spectral flux emitted by the luminaires directly above the 
horizontal is  
Φ𝑢(𝜆, 𝑡) = �𝛾𝑖(𝑡)𝜇(𝑡)𝑀𝜀𝑖(𝑡)𝐸Φ′𝑖(𝜆)𝜂𝑖 𝑈𝑖𝑁
𝑖=1
.                                                  (5) 
The radiance 𝐿𝑢(𝜆, 𝑡;𝛚′) associated with this upward flux, averaged over the total area lit, 
can be determined by dividing Equation (5) by 𝐴 and multiplying each term by its angular 
radiance distribution 𝐺𝑖(𝛚′) such that 
𝐿𝑢(𝜆, 𝑡;𝛚′) = 1𝐴�𝛾𝑖(𝑡)𝜇(𝑡)𝑀 𝜀𝑖(𝑡)𝐸Φ′𝑖(𝜆)𝜂𝑖 𝑈𝑖𝑁
𝑖=1
𝐺𝑖(𝛚′),                               (6) 
where 𝛚′ = (𝑧0,𝜙0), being 𝑧0 the zenith angle and 𝜙0 the azimuth in the source's reference 
frame. Note that this 𝐿𝑢(𝜆, 𝑡;𝛚′) is the source radiance averaged over the territory of area 
𝐴, not the average radiance of the lamps themselves. The latter is considerably higher since 
the sum of the areas of the radiating surfaces of the lamps is much smaller than 𝐴. In this 
work we will consider sources with azimuthally symmetric 𝐺𝑖(𝛚′) functions limited to 
relatively small angles above the horizontal (large zenithal angles), e.g. 𝐺𝑖(𝛚′) = 0 for 
𝑧0 < 70°. 
 
2.3 Light propagation through the atmosphere  
The description of the light propagation through the atmosphere can be done using radiative 
transfer models with different levels of complexity [56]. For the purposes of this work we 
will adopt the single-scattering model developed by Kocifaj [55], applying it to source 
radiances given by the Lambertian ground reflection (Equation 3) and the area-averaged 
radiance emitted directly above the horizontal (Equation 6).  
 As shown in the Appendix, the elementary scattered spectral radiance d𝐿𝑅(𝜆, 𝑡;𝛚) 
reaching the observer from the direction 𝛚 = (𝑧,𝜑), where 𝑧 is the zenith angle and 𝜑 is the 
azimuth in the observer's reference frame, due to the spectral flux density dΦ𝑇(𝜆, 𝑡) 
emitted at time t from a small area element d𝐴0 of the source region located at a distance 𝐷 
from the observer can be formally expressed as  d𝐿𝑅(𝜆, 𝑡;𝛚) = 𝐾(𝜆;𝛚;𝐷)dΦ𝑇(𝜆, 𝑡),                                                             (7) 
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where the function 𝐾(𝜆;𝛚;𝐷) depends on the angular radiance distribution of the sources 
and on the atmospheric conditions, in addition to the explicit variables indicated in its 
argument. The total spectral radiance reaching the observer, d𝐿𝑅(𝜆, 𝑡;𝛚), can be obtained 
by integrating Equation (7) over the area of the source region. Since we are interested in 
describing general trends we will assume for the purposes of this work that, for each type of 
source and atmospheric conditions, the function 𝐾(𝜆;𝛚;𝐷) in Equation (7) can be 
considered approximately constant for small emitting areas of size << 𝐷. Additionally, since 
we are considering two different types of source contributions with specific angular radiating 
patterns (the ground Lambertian reflection, henceforth denoted by the subindex '𝑟', plus the 
direct radiance emitted by the luminaires in directions above the horizontal, henceforth 
denoted by the subindex '𝑢'), two radiant flux contributions with their specific K functions 
have to be taken into account. Under these assumptions the radiance reaching the observer 
can be described by: 
𝐿𝑅(𝜆, 𝑡;𝐷;𝛚) = 𝐾𝑟(𝜆;𝛚;𝐷)Φ𝑟(𝜆, 𝑡) + 𝐾𝑢(𝜆;𝛚;𝐷)Φ𝑢(𝜆, 𝑡)                  (8) 
The particular case 𝛚 = (0,0), corresponding to the zenithal night sky brightness 
observations, will be analyzed in this work. 
 On the other hand, the radiance reaching the top of the atmosphere along a vertical 
path over the sources, 𝐿𝑇𝑂𝐴(𝜆, 𝑡), can be calculated from the ground emitted radiance 
taking into account the extinction due to absorption and scattering by the air molecules and 
aerosols. In terms of 𝜏0
(𝑀)(𝜆) and 𝜏0(𝐴)(𝜆), the molecular and aerosol optical depths, 
respectively, the TOA radiance can be expressed as:  
𝐿𝑇𝑂𝐴(𝜆, 𝑡) = exp �−�𝜏0(𝑀)(𝜆) + 𝜏0(𝐴)(𝜆)�� 𝐿𝑟(𝜆, 𝑡),                                    (9) 
where, for the simplified conditions of our calculation, we consider that the observation is 
made when the satellite is on the vertical of the sources (hence through a unit airmass), and 
that only the Lambertian component 𝐿𝑟(𝜆, 𝑡) of Equation (3) is a relevant contributor, since 
the direct upward flux of the luminaires 𝐿𝑢(𝜆, 𝑡;𝛚′) is limited to large zenithal angles and 
hence it is not directly detected by the on-orbit radiometer when observing in the nadir 
direction. 
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2.4  Light pollution indicators 
The signal 𝑆(𝑡) provided by a detector with spectral sensitivity 𝑇(𝜆) when measuring a field-
of-view averaged radiance 𝐿(𝜆, 𝑡) is given by 
𝑆(𝑡) = 𝑘 � 𝑇(𝜆)𝐿(𝜆, 𝑡) d𝜆
𝜆
 ,                                                                     (10) 
where 𝑘 is a scale constant. The functions corresponding to the channels considered in this 
work are indicated in Table 1. 
Table 1. Spectral functions for the different detection channels 
Channel 𝑇(𝜆) 𝐿(𝜆, 𝑡) 𝑘 
Zenithal sky brightness, CIE photopic    𝑉(𝜆) 𝐿𝑅(𝜆, 𝑡;𝐷;𝛚 = 𝟎) 683 lm/W 
Zenithal sky brightness, CIE scotopic  𝑉′(𝜆) 𝐿𝑅(𝜆, 𝑡;𝐷;𝛚 = 𝟎) 1700 lm/W 
Zenithal sky brightness, SQM  𝑇𝑆𝑄𝑀(𝜆) 𝐿𝑅(𝜆, 𝑡;𝐷;𝛚 = 𝟎) 1.0 
Nadir radiance, VIIRS-DNB 𝑇𝐷𝑁𝐵(𝜆) 𝐿𝑇𝑂𝐴(𝜆, 𝑡) 1.0 
 
 A convenient representation for the time course of these signals can be obtained by 
using a Pogson-like [57] traditional astronomical magnitude notation, whereby the change of 
magnitudes of the signal in any generic channel α  at time 𝑡 with respect to its initial value at 
time 𝑡0 is given by 
∆𝑚𝛼(𝑡) = −2.5 log10 � 𝑆𝛼(𝑡)𝑆𝛼(𝑡0)�  .                                                       (11) 
 
3. Results 
3.1. Lamp spectra, ground reflectance, atmospheric conditions, and transition scenarios 
We applied the model described in section 2 to a transition process consisting on the 
replacement of High Pressure Sodium lamps (HPS, CCT≈2200 K) by white LEDs of CCT 4000 K. 
The spectra of two typical examples of both type of sources are displayed in Figure 3. The 
reason  for choosing this type of LED CCT, which should not be taken as an endorsement by 
the authors of this article, is due to the fact that they are currently the most commonly used 
type in Galicia to replace older technologies.  
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Figure 3. Spectra of HPS and 4000 K LED lamps 
  
 An average pavement reflectance function has been used in the calculations, combining 
with weights 1:1:1 two concrete plus one asphalt samples from the USGS Spectral Library 
[58] as shown in Figure 4. 
 
Figure 4. Spectral reflectances of concrete and asphalt pavements, and combined average value used 
in this work. 
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 The atmospheric parameters required for computing the light propagation throughout 
the atmosphere are summarized in Table 2. The aerosol ones correspond to the 2012-2015 
average conditions in A Coruña, as determined by the AERONET station located at this city of 
NW Galicia [59].  
Table 2. Atmospheric parameters used in the model 
Parameter Symbol Value 
Molecular scale height ℎ𝑚 8.0 km 
Aerosol scale height ℎ𝑎 (1/0.65) km 
Aerosol albedo Ω(𝐴) 0.92 
Aerosol asymmetry parameter 𝑔 0.65 
Reference wavelength 𝜆0 442 nm 
Aerosol optical depth at 𝜆0 𝜏0
(𝐴)(𝜆0) 0.25 
Angstrom exponent aerosols 𝛼 1.2 
 
 The atmospheric propagation spectral functions 𝐾𝑟(𝜆;𝛚;𝐷) and 𝐾𝑢(𝜆;𝛚;𝐷) for 
zenithal observation (𝛚 = 𝟎), computed as indicated in the Appendix, are displayed in Figure 
5. For the calculation of 𝐾𝑢(𝜆;𝛚;𝐷) we assumed sources with uniform radiance within their 
angular emission range, i.e. 𝐺𝑖(𝛚′) = 1 for 70° < 𝑧0 ≤ 90°, and 𝐺𝑖(𝛚′) = 0 otherwise. 
 
Figure 5. Atmospheric propagation spectral functions for zenithal observation 𝐾𝑟(𝜆;𝟎;𝐷) (blue, full 
line) and 𝐾𝑢(𝜆;𝟎;𝐷) (red, dotted line), according to Equation (8). 
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 Three basic transition scenarios were considered, according to the choices of some key 
photometric parameters as, e.g. the utilance of the installations or the maximum allowed 
upward flux fraction. In the first one ('Business as usual')  LED lights are installed maintaining 
the same photometric parameters of the former HPS luminaires. In the second one ('zero 
direct upward flux'), the direct emissions to the upper hemisphere are set to zero, with the 
corresponding increase in the utilance of the installations. In the third one ('Lighting 
reduction'), the average flux emitted along the night is reduced, by means of a reduction of 
the baseline lighting levels possibly combined with appropriate dimming curfews. The 
photometric parameters corresponding to these three scenarios are summarized in Table 3. 
Table 3. Transition scenarios 
Parameter / scenario 
HPS LED 
Starting point Business as usual Zero direct upward flux 
Lighting 
reduction 
Upward flux fraction (Ui) 0.15 0.15 0.0 0.0 
Utilance (ηi) 0.4 0.4 0.6 0.6 
Light level reduction (εi) 1.0 1.0 1.0 0.85 
Surface factor (µ') 1.0 1.0 1.0 1.0 
 
 
3.2  Expected evolution of the light pollution indicators 
The expected evolution of the artificial zenithal night sky brightness expressed in the 
negative logarithmic scale of Equation (11) for the visual photopic, visual scotopic, and SQM 
photometric bands under the three assumed scenarios is displayed in Figure 6. A selection of 
these curves is also plotted in Figure 7, combined with the expected signal detected in the 
VIIRS-DNB band. 
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Figure 6. Evolution of the artificial zenithal night sky brightness in the visual (left column) and SQM 
(right column) photometric bands for the three transition scenarios. Upper row: Business as usual; 
Middle row: Zero direct upward flux; Lower row: Lighting reduction. See parameters in Table 3. 
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Figure 7. Combined plot of the evolution of the light pollution indicators (artificial zenithal night sky 
brightness at selected distances from the source, in the visual and SQM photometric bands, and 
VIIRS-DNB signal) for the three transition scenarios. Top: Business as usual; Middle: Zero direct 
upward flux; Bottom: Lighting reduction. See parameters in Table 3. 
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4. Discussion 
The trends in Figures 6 and 7 are consistent with the prediction by Sánchez de Miguel et al  
(for the observation of the direct radiance of the lamps) [48] that the brightness evolution in 
the transition process from HPS to high CCT LED may show qualitatively different behaviors, 
depending on the observation band. 
 The detrimental role of the direct emissions to the upper hemisphere at angles close to 
the horizontal is readily apparent from Figures 6 and 7. If the transition from HPS to 4000 K 
LED is made by keeping constant these upward emissions at the 𝑈𝐿𝐸𝐷 = 𝑈𝐻𝑃𝑆 = 15% level 
(Figure 6, upper row), the expected result is a noticeable increase of the zenithal sky 
brightness at all distances from the source, both in the visual and the SQM bands.  
 If the direct emissions of the LED luminaires to the upper hemisphere are cancelled 
(𝑈𝐿𝐸𝐷 = 0, Figure 6, middle row), the zenithal sky is expected to get darker in the SQM band 
at all distances from the sources, as the transition process progresses. However, the visual 
appearance of the sky will behave in a different way, depending on the distances: for 
scotopically adapted observers at close distances from the sources (up to 5-10 km, 
depending on the scenario) it is expected that the HPS to 4000 K LED transition will lead to a 
brightening of the zenithal sky, due to the larger amount of scattered blue light from the LED 
lamps, in comparison with HPS ones. At large distances from the sources (> 10 km), in turn, 
the stronger attenuation of the blue components of the LED beams is expected to give rise 
to a net darkening of the zenithal sky for scotopic observers, in comparison with the full HPS 
starting point. 
 An interesting feature shown in Figure 7 is that along this transition process, and for all 
scenarios considered, the VIIRS-DNB radiometer is expected to detect a progressive 
reduction of the artificial light emissions, a trend not always accompanied by a similar 
reduction in the artificial zenithal sky brightness, either in the visual or in the SQM band. This 
is particularly conspicuous in case of a 'business as usual" transition (see Figure 7, top), 
where the sky brightness increases in all observation bands, and at all distances from the 
sources, as the HPS lit target area is progressively replaced by LED. The main reason for the 
behavior of the VIIRS-DNB signal is that when HPS lamps are replaced by 4000 K LED the 
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radiance within the passband of the satellite radiometer (500-900 nm) is strongly reduced 
due to the loss of the near infra-red (NIR) HPS line around 814 nm, whereas the LED blue 
peak around 460 nm remains largely undetected. 
 These trends were deduced for a particular set of lamp spectra, radiance angular 
distribution, atmospheric conditions and detection photometric bands. It is expected, 
however, that the general traits described above can be representative of a certain range of 
situations of practical interest. According to additional calculations not shown here in detail, 
these trends are not substantially modified for other atmospheric compositions (e.g. 
Ω(𝐴)=0.85, 𝑔=0.90, 𝜆0=500 nm, 𝜏0(𝐴)(𝜆0)=0.4, 𝛼=1, see definitions of these parameters in 
Table 2), as well as for HPS lamps with zero NIR emissions, although in this last case the 
reduction of the VIIRS-DNB signal along the transition process is correspondingly less sharp. 
 Note that the photopic, scotopic, and SQM results displayed in Figures 6 and 7 
correspond to the artificial component of the zenithal sky brightness. The natural brightness 
of the night sky, including moonlight when appropriate, shall be added to the artificial 
radiance 𝐿𝑅(𝜆, 𝑡;𝐷;𝛚) in Equation (8) if the total radiance is to be determined. This total 
radiance can then be used in Equation (10) to determine the total signal finally recorded in 
the different channels. 
 Several limitations reduce the scope of this work. First, we have considered only two 
visual sensitivity functions, photopic (for very close distances to the sources < 0.5 km), and 
scotopic (for the whole distance range). Mesopic sensitivity would also be an appropriate 
metric for situations in which the adaptation luminance falls in between the two conditions. 
Second, only single scattering events have been included in the atmospheric propagation 
model. Whilst this approach can be reasonably accurate for small to medium propagation 
distances in low aerosol content atmospheres, it can lead to less correct results at large 
distances and/or under strong aerosol concentrations. The inclusion of double and multiple 
scattering effects [60] should be considered in future works. Third, a small source 
approximation (size << D) has been made to write Equation (8) from Equation (7). For 
sources of arbitrary size, the 𝐾(𝜆;𝛚;𝐷) function in Equation (7) can be used as a point 
spread function to compute the total spectral radiance, by spatially integrating this Equation 
over the whole source region. 
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5. Conclusions 
In this work we have shown that the HPS to LED transition in outdoor lighting systems may 
give rise to different and even opposite behaviors in several commonly used light pollution 
indicators. The main reason are the combined effects of the changes in the sources' spectra, 
the wavelength-dependent atmospheric propagation processes, and the specific spectral 
sensitivity bands of the different detectors, including the human eye, the widely used SQM 
sensor and the VIIRS-DNB radiometer. Thus, in some transition scenarios, it is possible to 
detect a reduction of the emitted artificial radiance in the VIIRS-DNB band whereas the 
zenithal sky becomes visually brighter for scotopic observers located at short to medium 
distances from the sources, and darker for observers located at large distances. The zenithal 
sky brightness measured in the SQM band may show specific trends not necessarily 
coincident with the visual ones. The model described in this work allows to quantify these 
effects, under the simplifying assumption of single-scattering propagation in a layered 
atmosphere. The possible presence of this differential behavior should be taken into account 
when evaluating light pollution indicator datasets for assessing the outcomes of public policy 
decisions regarding the transformations of outdoor lighting systems. 
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Appendix 
 
The steps leading to Equation 7 of the main text are briefly described in this appendix. To 
keep the model simple we restrict it to considering single-scattering processes in the 
molecules and aerosols that constitute the atmosphere. We also asume a layered 
atmosphere with properties only dependent on the height above ground. The source 
spectral radiance will be assumed to be dependent on the zenith angle, but azimuthally 
symmetric. Whereas azimuthal symmetry is not a feature that can be ascribed to most 
individual luminaires, it can be approximately fulfilled by ensembles of them at the city 
district level, excepting, perhaps, for urban nuclei with very marked street orientations. The 
main equations below closely follow those of Kocifaj [55], generalized to arbitrary, non 
Garstang, source radiances.  
 Following the general steps described in [55] one can show that the spectral radiance 
from the direction 𝛚 = (𝑧,𝜑), measured in the observer's reference frame, due to a source 
path of area d𝐴0 located at a distance 𝐷 from the observer, at an azimuth 𝜑𝑐, is given by the 
integral:  
d𝐿𝑅(𝜆, 𝑡;𝛚) = d𝐴0� 𝐿�𝜆, 𝑡; 𝑧0,ℎ� cos3�𝑧0,ℎ�cos(𝑧) 𝑇𝜆(ℎ, 𝑧,𝜑)ℎ2 Γ𝜆(ℎ, 𝑧,𝜑)dℎ∞ℎ=0                    (𝐴1) 
where the integration is carried out over h, the height above ground level, with both source 
and observer located at the same baseline altitude. 𝐿�𝜆, 𝑡; 𝑧0,ℎ� is the spectral radiance of 
the azimuthally symmetric source, dependent on the zenith emission angle 𝑧0,ℎ, and 
generally variable in time. The subindex h indicates that 𝑧0,ℎ is the zenith angle, measured in 
the source reference frame, corresponding to the emitted rays that intercept the observer's 
line-of-sight at an altitude h above the ground. This angle, that depends also on 𝐷 and  𝜑𝑐, is 
given by [55]: 
cos�𝑧0,ℎ� = �1 + tan2𝑧 + 𝐷ℎ �𝐷ℎ − 2 tan𝑧 cos(𝜑 − 𝜑𝑐)��−1 2⁄                         (𝐴2) 
 The term 𝑇𝜆(ℎ, 𝑧,𝜑) within the integrand of (A1) accounts for the overall attenuation of 
the radiance, due to atmospheric extinction, along the combined paths from the source to 
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the scattering volume located in (𝑧,𝜑, ℎ), and from this volume to the observer. It is given by 
[55]: 
𝑇𝜆(ℎ, 𝑧,𝜑) = exp �� 1cos�𝑧0,ℎ� + 1cos(𝑧)� �𝜏0(𝑀)(𝜆)�𝑒−ℎ ℎ𝑚⁄ − 1�+ 𝜏0(𝐴)(𝜆)�𝑒−ℎ ℎ𝑎⁄ − 1���                                                                                     (𝐴3) 
where ℎ𝑚 and ℎ𝑎 are the characteristic heights of the molecular and aerosol atmospheric 
concentration profiles, and 𝜏0
(𝑀)(𝜆) and 𝜏0(𝐴)(𝜆) are the molecular and aerosol optical depths 
of the atmosphere, respectively. The molecular optical depth is given by 𝜏0
(𝑀)(𝜆) =0.00879 𝜆−4.09, with 𝜆 expressed in microns [61], and the aerosol optical depth is given by 
𝜏0
(𝐴)(𝜆) = 𝜏0(𝐴)(𝜆0)(𝜆 𝜆0⁄ )−𝛼, where 𝛼 is the Angstrom exponent, with both 𝜆 and the 
arbitrary  reference wavelength 𝜆0 expressed in homogeneous units (e.g. nm). 
 The term Γ𝜆(ℎ, 𝑧,𝜑) contains information about the angular distribution of the single-
scattered light [55], and it is itself the sum of two terms, 
Γ𝜆(ℎ, 𝑧,𝜑) = 𝜏0(𝑀)(𝜆)ℎ𝑚 exp �− ℎℎ𝑚� × 3�1 + cos2(𝜗)�16𝜋 + 
Ω(𝐴) 𝜏0(𝐴)(𝜆)
ℎ𝑎
exp �− ℎ
ℎ𝑎
� × 1 − 𝑔24𝜋�1 + 𝑔2 − 2𝑔 cos(ϑ)�3 2⁄     (𝐴4) 
the first one corresponding to Rayleigh molecular scattering and the second one to the 
aerosol contribution, assuming a Henyey-Greenstein angular phase function with asymmetry 
parameter 𝑔. Ω(𝐴) is the aerosol albedo, being the corresponding molecular one, Ω(𝑀), equal 
to 1. The scattering angle ϑ,  formed by the directions of propagation from the source to the 
elementary scattering volume and from this to the observer, is given by: cos(ϑ) = 12 �𝐷2ℎ2 cos(𝑧)cos�𝑧0,ℎ� − cos�𝑧0,ℎ�cos(𝑧) − cos(𝑧)cos�𝑧0,ℎ��  .                         (𝐴5) 
The overall spectral flux dΦ𝑇(𝜆, 𝑡) emitted by the area d𝐴0 is  dΦ𝑇(𝜆, 𝑡) = d𝐴0� 𝐿�𝜆, 𝑡; 𝑧0,ℎ�cos�𝑧0,ℎ�d𝜔
Ω
,                                         (𝐴6) 
where d𝜔 = sin�𝑧0,ℎ� d𝑧0,ℎd𝜙, and the integral is extended to the upper hemisphere Ω of 
size 2π steradians (sr). 
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 Now, we can define the function 𝐾(𝜆;𝛚;𝐷) as the ratio of the spectral radiance in the 
observation direction to the spectral flux emitted by the source as 
𝐾(𝜆;𝛚;𝐷) = d𝐿𝑅(𝜆, 𝑡;𝛚)dΦ𝑇(𝜆, 𝑡) ,                                                 (𝐴7)  
from which Equation (7) immediately follows. 
 Two particular cases of the Equations (A1), (A6) and (A7) are considered in this work. 
First, the reflected radiance contribution 𝐿𝑟(𝜆, 𝑡) in Equation (3) is assumed to be 
Lambertian, such that 𝐿�𝜆, 𝑡; 𝑧0,ℎ� = 𝐿𝑟(𝜆, 𝑡), and this function, which does not depend on 
h, can be taken out of the integral in Equation (A1). For such a Lambertian source the 
emitted spectral flux, given by Equation (A6), is dΦ𝑇(𝜆, 𝑡) = d𝐴0𝜋𝐿𝑟(𝜆, 𝑡). For the 
Lambertian component of the source emissions we have, then: 
𝐾𝑟(𝜆;𝛚;𝐷) = 1𝜋� cos3�𝑧0,ℎ�cos(𝑧) 𝑇𝜆(ℎ, 𝑧,𝜑)ℎ2 Γ𝜆(ℎ, 𝑧,𝜑)dℎ∞ℎ=0                          (𝐴8) 
Second, the light directly emitted by the luminaires toward the upper hemisphere is 
assumed to be restricted to the zenithal directions comprised between 𝑧0 = 𝜁 and 𝑧0 = 𝜋 2⁄  
(horizontal emission), expressed in the luminaires' reference frame. In this case, only those 
integration intervals dℎ in Equation (A1) for which 𝑧0,ℎ belongs to the interval [𝜁,𝜋 2⁄ ] 
contribute effectively to the total result. The same happens in Equation (A6). Assuming a 
simplified model of constant radiance 𝐿�𝜆, 𝑡; 𝑧0,ℎ� = 𝐿𝑢(𝜆, 𝑡) within this interval, and zero 
otherwise, we have dΦ𝑢(𝜆, 𝑡) = d𝐴0𝐿𝑢(𝜆, 𝑡) 𝜋[1 − sin2(𝜁)], and 
𝐾𝑢(𝜆;𝛚;𝐷) = 1𝜋[1− sin2(𝜁)]� cos3�𝑧0,ℎ�cos(𝑧) 𝑇𝜆(ℎ, 𝑧,𝜑)ℎ2 Γ𝜆(ℎ, 𝑧,𝜑)dℎℎ(𝜁)ℎ(𝜋 2⁄ )           (𝐴9) 
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